Introduction
Hydrogen has been intensively pursued as a future energy carrier due to its renewable and environmentally friendly Molybdenum oxide (MoO 3 ) is a low cost, nontoxic and environmentally benign transition metal with high stability. MoO 3 is widely employed in heterogeneous catalysis, electrocatalysis, and also in capacitors, and lithium-ion battery applications. [13] [14] [15] The orthorhombic α-MoO 3 (thermodynamically stable phase) has a layered structure which is formed by stacking bilayer sheets of MoO 6 octahedra with van der Waals forces. [16] This structure is suitable for insertion/removal of small ions such as H + , and therefore is intensively studied as a supercapacitor. However, without active edges like those of MoS 2 , intrinsic MoO 3 material has not been reported as an electrocatalyst for HER to the best of our knowledge.
Herein, we are reporting that mesoporous MoO 3-x serves as an active HER electrocatalyst under both alkaline and acidic conditions, without any extrinsic dopants, alloys, or any hybrid metals. The HER activity of MoO 3 has been developed and improved by considering the following aspects. First is the mesoporosity of MoO 3 , since the mesoporous structure was shown previously to effectively enhance the activity of various kinds of metal oxides (WO 3 , TiO 2 , Co 3 O 4 , etc.) in catalytic reactions. [17] [18] [19] [20] Second is the design of nonstoichiometric MoO 3-x with oxygen vacancies. The oxygen deficient structure has been manifested in other transition metal oxides (TMOs; TiO 2 , WO 3 , ZnO, MnO 2 , etc.) that are able to facilitate charge transfer, mass transport, and narrowing bandgaps in various catalytic reactions. [21] [22] [23] [24] The potential effects of oxygen vacancies of TMOs are significant in an HER system. Wu et al. described a novel approach to prepare WO 2 -carbon mesoporous materials with high concentration of oxygen vacancies. They effectively proved the mesostructure and oxygen vacancies are important parameters for outstanding HER performance. [6] The last design is the phase of MoO 3 , where orthorhombic α-MoO 3 (thermodynamically stable phase) has a layered structure which is suitable for insertion/removal of small ions such as H + in electrochemical reactions. [25, 26] Based on the above designs, the synthesis mechanism of mesoporous, oxygen deficient MoO 3-x is proposed schematically in Scheme 1. Unlike traditional preparation methods of mesoporous materials, the metal precursor used in this study is the commercial molybdenum trioxide (molybdite), which will be named comMoO 3 is relatively cheap and abundant. Firstly, comMoO 3 powder is added to H 2 O 2 solution. The MoO 3 powder can be completely dissolved and results in a transparent yellow solution, with the formation of the solutionsoluble precursor compound MoO 2 (OH)(OOH). [27] By further combining with the soft template (PEO-b-PS), the preparation process is flexible, effective, and easy to control. Tetrahydrofuran (THF) is chosen as a solvent due to the ability to dissolve non-Pluronic copolymers such as PEO-b-PS. Both PS and PEO blocks can be completely dissolved without self-assembly aggregation (Scheme 1, step 1). Water is a selectively poor solvent for the PS block. With the mixing of water based Mo precursor and THF dissolved PEO-b-PS, inverse micelles with PEO cores and PS coronas are formed in solution (step 2). The coordination interaction between hydrophilic PEO and the Mo source thus triggers the self-assembly to form ordered polymer-oxide hybrids. After solvent evaporation (condensation process), two neighboring micelles fuse together and permanent Mo-O covalent bonds can be formed between PEO domains (step 3) in the hybrid. The powder X-ray diffraction (PXRD) (Figure S1a, Supporting Information) and Raman spectroscopy ( Figure S1b , Supporting Information) characterization methods were employed to studied the covalent bonds in the as-prepared Mo hybrid sample. The organic block polymer can be burned off following thermal calcination. With an increasing of calcination temperature, the Mo crystals grow and expand to form connected intraparticle voids, which are mesopores (step 4). A critical temperature for the phase transition of MoO 3 is 350 °C. For MoO 3 samples calcined less (3 of 11) 1600528 wileyonlinelibrary.com than 350 °C, monoclinic β-MoO 3 is the dominant phase. Crystallization to the more thermodynamically stable orthorhombic α-MoO 3 occurs at 350 °C and above. [28] Above all, we are reporting mesoporous MoO 3-x material as an efficient HER catalyst under both acidic and alkaline conditions. Our experimental and theoretical (density functional theory (DFT) calculation) results indicate that the soft-template synthesis of TMOs with mesoporosity and oxygen deficiency provides a promising strategy for electrochemical energy conversion and storage applications.
Results

Catalyst Characterization
In order to study the crystal phase change during the synthesis of mesoporous MoO 3 (mMoO 3 ), PXRD and Raman spectroscopy were used. Shown in Figure 1a , for the as-synthesized mMoO 3 , all the diffraction lines could be assigned to the orthorhombic phase (α-MoO 3 phase, JCPDS No. 05-0508), which is crystallized in a layered structure composed of MoO 6 octahedra by sharing edges and corners. The commercial MoO 3 (comMoO 3 ) sample also shows the orthorhombic phase (α-MoO 3 phase, JCPDS No. 35-0609), but with different crystal parameters. No diffraction lines of other phases (β-MoO 3 , h-MoO 3 ) were found in both samples. The mMoO 3 shows much lower crystallinity than comMoO 3 , which may be due to the formation of a mesoporous structure that breaks the long-term crystallinity. Another observation is that for synthesized mMoO 3 , the relative diffraction intensity between (040) and (021) planes is significantly different for comMoO 3 , which indicates a preferred crystal orientation along the [001] direction. [29] PXRD is not sensitive to detect the carbon material. The possible existence of carbon and the chemical changes in mMoO 3 samples were analyzed using Fourier transform infrared spectra, shown in Figure S2 in the Supporting Information. Compared to Mo hybrid samples, no obvious carbon signals can be detected in mMoO 3 samples, suggesting most of the carbon species were removed by thermal treatment. The phase of molybdenum oxide samples can be further characterized by Raman spectroscopy (Figure 1b) , due to each phase occupying different atomic arrangements with different Raman vibrational bands.
The three characteristic vibrational modes of the orthorhombic phase at 289, 818, and 995 cm −1 are observed for both samples. [30] All observed vibrational modes are in agreement with the α-MoO 3 phase reported in the literature. [31] Based on PXRD and Raman results, even though the introduction of PEOb-PS surfactant slightly decreased the crystallinity of MoO 3 , the thermodynamic stable orthorhombic phase (α-MoO 3 ) was preserved during the formation of the mesostructure. The presence of mesopores could be further manifested by SEM, TEM, and N 2 sorption techniques.
Figure 2a-c shows field-emission scanning electron microscopy (FESEM) images for the mesoporous molybdenum (mMoO 3 ) sample with various magnification scales. In terms of SEM results, the mMoO 3 sample is composed of small particles, which have sizes smaller than 100 nm. The porosity was formed by the aggregation of nanoparticles, and the pores are the connected intraparticle voids. With lower magnification images (Figure 2c) , it is easier to observe the good dispersion of the pores. For comparison, the SEM image of comMoO 3 sample was also recorded (Figure 2d ). The commercial sample is composed of a giant chunk of crystal (5-10 μm) instead of nanoparticles. No porosity could be observed in this sample.
Transmission electron microscopy (TEM) was used to further examine particle size, morphology, porosity, and crystallinity. In a typical TEM image shown in Figure 2e , the particle size of mMoO 3 is in the range of 50-100 nm, in accordance with SEM results. The mMoO 3 has a porous structure. Most of the pores are in the range of mesopores (20-40 nm) . These mesopores are not of a uniform shape, but well dispersed between nanoparticles. In a higher magnification image (Figure 2e , onset image), a typical mesopore connected with crystalline particles with a diameter around 30 nm is clearly observed. In Figure 2f , the measured d-spacing (≈0.35 nm) corresponding to the (040) planes of the α-MoO 3 phase, which is in accordance with XRD and Raman results. The specific pore size distribution was further confirmed by using N 2 sorption techniques. Figure S3a (Supporting Information) shows nitrogen sorption isotherms of mMoO 3 and comMoO 3 materials. The isotherm of mMoO 3 is categorized as Type IV, with a distinct hysteresis loop observed in the pressure range of 0.5-1 p/p 0 , indicating the mesoporosity of the material. The isotherm of comMoO 3 manifests its nonporous property, without an obvious hysteresis loop. Figure S3b 
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corresponding Barrett−Joyner−Halenda (BJH) pore size distribution of mMoO 3 , with an average pore diameter of 31 nm, in good accordance with SEM and TEM results. Moreover, the as-synthesized mMoO 3 has a much larger surface area (52 m 2 g −1 ) than comMoO 3 (2 m 2 g −1 ). With a larger surface area, an improved catalytic activity is expected.
Besides mesoporosity, the oxidation state of the metal and surface oxygen deficiencies are also important properties for TMOs. To elucidate the oxidation state of the comMoO 3 material and the mesoporous MoO 3 material, X-ray photoelectron spectroscopy (XPS) measurements were applied. Figure 3a exhibits the Mo 3d XPS core spectra of the as-prepared mMoO 3 and comMoO 3 . The Mo 3d core level spectrum of the comMoO 3 (lower curve) consists of a spin orbit doublet with peaks at 235.6 and 232.4 eV, which are attributed to 3d 3/2 and 3d 5/2 of the Mo cations in high oxidation states (Mo 6+ ). Without the observation of other valence states, comMoO 3 possesses a fully stoichiometric structure according to PXRD and XPS results, which are consistent with previous reports. [27] However, for the mMoO 3 sample, an obvious shift to lower binding energy can be observed. Without changing the energy difference (Δ = 3.2 eV) between the two peaks, Mo 3d 3/2 shifted to 234.4 eV and Mo 3d 5/2 shifted to 231.2 eV. Both of these two peaks can be assigned to Mo 5+ species. [32] The presence of Mo 5+ cations leads to an increment in electron density and a weaker binding effect. Figure 3b shows the O 1s spectra, for the comMoO 3 material (lower curve). No obvious shift is observed, all peak positions are in good agreement with literature values: the main component peak at 531.3 eV (blue curve) corresponds to lattice oxygen (O 2− ); [33] the other two component peaks (533.1 and 534.6 eV) are attributed to surface adsorbed species (OH − , O − ). [34, 35] On the contrary, the major O 1s peak of mMoO 3 lower level (529 eV), which indicates a change in the coordination configuration of Mo with O. As reported, the O 1s shifts to a lower energy level in line with the transfer of electrons to the neighboring oxygen vacancies. [36] The presence of oxygen vacancies is suggested. Binding energy shifts to lower energy levels was also reported in other oxygen-deficient TMOs, such as the most widely studied material, TiO 2-x . [37] We could exclude the possibility of shifts coming from instrumental error, since the position of an internal standard (C 1s) peak is observed at 284.5 eV for both materials without any shifts ( Figure S4 , Supporting Information).
Another evidence that indicates the presence of oxygen vacancies is the color change (Figure 4a onset images). The comMoO 3 possesses a light greenish color, while the as-synthesized mMoO 3 has a blue color. Similar to the case with oxygen-deficient WO 3-x and TiO 2-x , the blue color of the TMO originates from characteristic outer d-shell electrons. [38, 39] In this study, the as-synthesized blue molybdenum oxide species are quite stable in a sealed vial and could maintain their original color for at least 1 year. Moreover, the optical properties of molybdenum oxides are strongly affected as a function of the oxygen vacancy concentration. [40, 41] Thus, diffuse reflectance ultraviolet−visible (DR UV−vis) spectra were measured. In Figure 4a , the comMoO 3 (black curve) shows a major absorption band in the UV range (< 410 nm) and a cutoff wavelength at 420 nm, indicating an optical band gap around 2.96 eV (detailed calculation in Supporting Information). The mMoO 3 shows a new and broad absorption band in the visible range (>410 nm), which means a much smaller band gap than for comMoO 3 . Since there are no extrinsic dopants in the mMoO 3 system, the narrowing of the band gap could be ascribed to the presence of oxygen vacancies.
The existence of oxygen vacancies was further investigated by oxygen temperature-programmed oxidation (TPO). The O 2 TPO profiles of mMoO 3 and comMoO 3 are compiled in Figure 4b . The O 2 TPO profile of comMoO 3 (black curve) exhibits no obvious oxygen consumption peaks, indicating no oxygen vacancies on the surface of comMoO 3 . While the O 2 TPO profile of mMoO 3 shows a predominant oxygen consumption peak around 460 °C, suggesting the existence of oxygen vacancies in the mMoO 3 sample, which are able to react with flowing oxygen. Both samples after O 2 TPO treatment were collected (onset images in Figure 4b) . A significant color change of mMoO 3 was observed. The mMoO 3 lost its original blue color, due to oxygen vacancies that were filled by the oxygen flow. As a comparison, no color change is noticed with the comMoO 3 sample.
With further studies, DFT calculations were applied to analyze the band structure of MoO 3 with and without oxygen vacancies. Figure 4c shows that with oxygen vacancies in different sites (V1, V2, and V3), a much smaller band gap could be obtained compared to MoO 3 wileyonlinelibrary.com shown in Figure 4d . A vacancy at site 1 is most thermodynamically stable. We then considered the effects of oxygen vacancies at site 1 (detailed calculations in Supporting Information).
HER Catalytic Activity and Stability Test
The electrocatalytic activities of the as-synthesized mMoO 3 materials were examined in both alkaline (0.1 m KOH, Figure 5a -c) and acidic aqueous (0.1 m H 2 SO 4 , Figure 5d- 3 , and commercial 20 wt% Pt/C were also studied under identical conditions. Figure 5a shows the HER polarization curves of various electrocatalysts in 0.1 m KOH solution. Bare Ni foam (black curve) requires a large overpotential (≈314 mV) to achieve a 10 mA cm −2 HER current density. The comMoO 3 , which was loaded on Ni foam, performed similarly as bare Ni foam (blue curve). No improvement can be observed for the HER activity. For as synthesized mMoO 3 samples, the current densities reach 10 mA cm −2 at potentials of 138 mV. This overpotential value is much closer to the Pt/C catalyst system (η = 52 mV for j = −10 mV cm −2 ) as compared to bare Ni or commercial sample tested under identical conditions, indicating enhanced catalytic activity in mesoporous sample (mMoO 3 ). Moreover, the HER activity of mMoO 3 sampler after O 2 TPO treatment (mMoO 3 -T) was also examined. With an overpotential value at 273 mV, the mMoO 3 -T sample shows a much lower activity than mMoO 3 . Additionally, in order to exclude the effects from Ni foam, the mMoO 3 and comMoO 3 samples were deposited on glassy carbon (GC) electrodes and tested in 0.1 m KOH for HER performance. In Figure S9 (Supporting Information), the bare GC electrode shows almost no catalytic activity for HER. The mMoO 3 sample still shows much higher activity than the comMoO 3 sample.
Besides activity, stability is another major concern for all electrocatalysts. The electrochemical stability of mMoO 3 was evaluated by monitoring the current density during continuous operation at −0.174 V (vs reversible hydrogen electrode (RHE)) under alkaline conditions. The current density versus time data provided in Figure 5b show that the value remains stable after a slight initial increase in the beginning several hours. The current density does not vary significantly in 12 h, manifesting excellent stability of mesoporous MoO 3 during the electrochemical experiments. The onset SEM images were taken before and after a stability test of mMoO 3 sample (higher resolution images in Figure S5 , Supporting Information). The unchanged morphology further suggested the stability of the catalyst. The crystal phase and the oxidation states of mMoO 3 after stability tests were further examined by Raman spectroscopy ( Figure S6 Comparative Tafel plots derived from the polarization curves were studied to determine the Tafel slopes ( Figure 5c ). As a comparison, the commercial Pt/C sample shows a Tafel slope of 32 mV dec −1 in the lower overpotential range, corresponding to literature values. [42, 43] A Tafel slope of ≈56 mV dec −1 for the mMoO 3 is comparable to the Pt/C sample under alkaline conditions. This is much lower than the value obtained for comMoO 3 (≈130 mV dec −1 ), mMoO 3 -T (≈110 mV dec −1 ), or the bare Ni foam (≈101 mV dec −1 ), indicating the enhancement of HER activity when using mMoO 3 as an electrocatalyst. The Tafel slope value of mMoO 3 is also comparable to previous reports for MoS x or WS x catalysts. [44, 45] Due to the reported poor corrosion stability of Mo based materials in acidic media, few studies in an acidic media were reported. The HER activity of all prepared catalysts was further tested under acidic conditions (0.1 m H 2 SO 4 ) on C cloth. Shown in Figure 5d , bare C cloth substrate almost has no measurable HER activity within the potential window investigated. With the deposition of comMoO 3 on C cloth, a slightly enhanced HER activity can be observed (η = 422 mV for j = −10 mV cm −2 ). In contrast, to achieve −10 mV cm −2 current density, mMoO 3 needs a much lower overpotential of 179 mV, which is much closer to the best HER electrocatalyst Pt/C (≈50 mV) under identical conditions. In Figure 5e , the stability of mMoO 3 was further investigated. No obvious current density change can be observed even after 12 h, which proves the excellent electrochemical stability of mesoporous MoO 3 in acidic media. No obvious morphology change can be observed thorough the comparison of SEM images (Figure 5e onset images, higher resolution images in Figure S10 , Supporting Information) before and after stability tests, manifesting the high stability of mMoO 3 in acidic solution. The Tafel analysis of the HER polarization curves give rise to a slope of 72 mV dec −1 for the mMoO 3 catalyst (Figure 5f ), which is much smaller than that for commercial MoO 3 (146 mV dec −1 ) and much closer to that for commercial Pt/C (30 mV dec −1 ), indicating a fast charge transfer process.
Discussion
The Presence of Oxygen Vacancies and Deficient MoO 3-x Structure
The structure of a material plays a vital role for catalytic applications. To understand the relation between structure and catalytic activity, the formation of mesoporosity and an oxygendeficient structure need to be discussed.
The facile synthesis method in this study has similarities and differences compared to previous reported studies. As mentioned above, Wu et al. descried a novel "oxygen extraction" approach to prepare oxygen deficient WO 2 materials. They employed ethylenediamine as a precursor and this is able to extract O-atoms from WO 3 to form NO x under Ar atmosphere. Similarly, we used PEO-b-PS as a reducing agent to create oxygen vacancies. However, no additional step is needed to extract oxygen in this study. The PEO-b-PS could act as a reducing agent to form Mo 5+ and oxygen vacancies during the formation of the mesostructure. When Mo(VI) precursors are bound to the oxyethylene groups of PEO chains during the coordination interaction, there is a reduction reaction to form Mo(V)-PEO complexes and assembly of inverse micelles through the THF evaporation (condensation) process. The formation of Mo(V) in the mMoO 3 sample may be due to the reducing ability of the PEO group in the PEO-b-PS template, which was previously reported in other studies. [46] Charge neutrality was then maintained by the presence of oxygen vacancies. By burning off the carbon based PEO-b-PS template, the formation of mesoporous and oxygen-deficient mMoO 3 material can be achieved simultaneously. Then the chemical formula of as-synthesized mesoporous MoO 3 materials could be identified as MoO 3-x , due to the presence of oxygen vacancies and the reduced Mo 5+ species.
The nonstoichiometric structure of mMoO 3-x was first indicated by XPS (Figure 3) . XPS is regarded as a surface analysis technique, with an analysis depth of about 4 nm. [47, 48] Shown in Figure 3a , comMoO 3 has an oxidation state of Mo 6+ , while mMoO 3 shows an oxidation state of Mo 5+ . The O 1s peak of mMoO 3 shifted to a lower binding energy level further supporting the change in the Mo O bonds. The Mo 5+ species observed in the mMoO 3 sample is considered mostly present on the surface (<10 nm). More evidence is provided from DR UV-vis (Figure 4a ), and O 2 TPO (Figure 4b ) characterization methods, which are discussed above. The significant color change of mMoO 3 before and after O 2 TPO treatment indicates the original presence of oxygen vacancies and subsequent filled vacancies after TPO.
Factors That Affect HER Activity
The Decisive Role of Structure
A decisive role of structure of materials for the HER activities has been reported in the literature. For example, a recent study of nanoporous MoS 2 synthesized by Kibsgaard et al. exhibited high HER activities due to a higher density of active surface sites. [49] However, the activity decreased at high currents due to the produced H 2 bubbles blocking the active sites inside the small porous network. [50] In this study, the design of large accessible pores (20-40 nm) of mMoO 3 is expected to improve HER activity without active sites being blocked.
In order to examine whether the mesostructure is able to improve the ion conductivity, we further conducted electrochemical impedance studies under both acidic and alkaline reaction conditions by using Electrochemical Impedance Spectroscopy (EIS), shown in Figure S11 (Supporting Information) with the equivalent circuit models also plotted ( Figures S13 and S15 , Supporting Information). The high-frequency intersection with the x-axis represents the uncompensated solution resistance (R s , ohmic resistance), which is comparable for all catalysts (Tables S1 and S2 , Supporting Information). The charge-transfer resistance (R ct ) in the electrochemical impedance spectrum, is related to the charge-transfer rate in HER. The EIS spectra for the comMoO 3 exhibit higher charge transfer resistance values under both alkaline and acidic conditions (R ct = 66 and 12 Ω, respectively) than mMoO 3 catalyst. The R ct of mMoO 3 are 43 and 6 Ω (in 0.1 m KOH and H 2 SO 4 , respectively), wileyonlinelibrary.com indicating better conductivities and enhanced electrocatalytic performance than comMoO 3 . This further suggests the vital role of mesoporosity in the HER process.
The mechanism of how the mesoporous structure promotes the charge transfer and ion conductivity is summarized as follows. Due to their pore shape, large pore size, high surface area, and high ion conductivity, mesoporous metal oxides have shown superior performances for electrochemical applications. [51, 52] The mesopores, which make it easy to effectively transport guest molecules/ions to the active sites located in the internal particle, significantly enhance the charge transfer process during electrochemical reactions. In this study, in both alkaline and acidic media, the mesostructure contributes to the HER activity in two aspects. First of all, the mesopores with high surface area provide more active sites for HER. N 2 sorption measurements were applied to study the surface area of comMoO 3 and mMoO 3 materials. In Supporting Information (Figure S3 ) possesses a much higher surface area than comMoO 3 (2 m 2 g −1 ) by Brunauer-Emmett-Teller (BET) measurements. Generally, higher surface area comes with more active sites; [49] Second, mesopores facilitate the mass transport of fluids and the contact of reactant molecules/ions with active sites. [53, 54] In the comMoO 3 system, without a porous structure, the electrolyte is only able to contact the surface of the bulk material, leading to the possible accumulation of electrons/ions/molecules on the surface and further decreases the reaction efficiency. In contrast, in the mMoO 3 system, mesopores act as open access to introduce fluids to contact with the internal structure, which effectively improves the mass transport without blocking active sites. [55] Thus, charge transfer and ion conductivity should be effectively promoted by the mesostructure.
Another property that may affect the HER activity is the oxygen-deficient structure. Structural defects are always considered as active sites in catalytic reactions. Similar HER, defects such as oxygen vacancies were regarded as active sites. [56] The contribution of oxygen vacancies to HER in this study can be directly observed. In Figure 5a , compared to the oxygen deficient mMoO 3 sample, the mMoO 3 -T sample (without oxygen vacancies) exhibits much lower activity, indicating the significant role of oxygen vacancies during the HER process. The presence of oxygen vacancies enhances the interaction between oxygen-containing species and metal oxide surfaces. [57] In this study, oxygen vacancies may favor the adsorption of water molecules (or H 3 O + ), which serve as electron acceptors, then lowering the HER energy barrier. In terms of DFT calculations (Figure 4c ), the introduction of oxygen vacancies in MoO 3 gives rise to electrical conductivity. By reducing the metal cations, MoO 3 can be made to be semi-metallic due to filling of the dband. [58] With the presence of oxygen vacancies, the hydrogen evolution reaction mechanism and pathway would be further affected.
The Use of Ni Foam
Compared to mMoO 3 on Ni foam ( Figure 5 ), mMoO 3 on GC exhibits lower activity (η = 138 mV vs 210 mV, Figure S9 , Supporting Information). This indicates the Ni foam may improve the HER performance. The contributions of Ni foam may be summarized as two aspects. First, is that the large surface area of the 3D Ni foam could improve the catalyst loading. On Ni foam, mMoO 3 sample may possess more active surface area to contact with electrolyte compared to the GC electrodes; second, is the better dispersion of catalyst on Ni foam than on GC electrode. Catalyst may accumulate as a thick film on the GC electrode, which may limit the electrolyte diffusion and charge transport.
(9 of 11) 1600528 wileyonlinelibrary.com slope values, the HER mechanism under acidic conditions can be determined as well.
Based on the determination of the Volmer-Heyrovsky process, the HER pathway of mMoO 3 in 0.1 m KOH is then schematically described in Figure 6 based on DFT calculations. Since α-MoO 3 has a layered structure and the site 1 oxygen vacancy (Figure 4d ) on the top of the layer is preferred for an oxygen vacancy to form, we then constructed a MoO 3 slab based on these layers with the vacancy at site 1. In alkaline solution, the reaction pathway mainly involved H 2 O (proton source) adsorption (intermediate 2, Figure 6 ), and reduction on the mMoO 3 Figure 6 vs Figure S16 in the Supporting Information). Overall, the mMoO 3 catalyst possesses suitable adsorption and desorption energy for H 2 evolution. The presence of oxygen vacancies could lower the kinetic energy barrier by facilitating H 2 O adsorption and promoting H H bond formation on two adjacent adsorbed H ads and H 2 O ads species.
Conclusion
In summary, a new mesoporous, crystalline MoO 3-x material has been successfully synthesized and identified as an active electrocatalyst for HER through experimental and theoretical (DFT) studies. Through a novel, cost effective, and flexible method of dissolving cheap molybdenum in H 2 O 2 as precursor, combined with a PEO-b-PS template, the as-synthesized material has unique properties of mesoporosity and oxygendeficiency. The as-synthesized mMoO 3 has a much larger surface area (52 m 2 g −1 ) than comMoO 3 (2 m 2 g −1 ), and shows outstanding performance in HER in both acidic and alkaline solution, without the assistance of carbon materials, extrinsic dopants, or other metal alloys. The calculated Tafel slope is as low as 56 mV dec −1 and the high activity can be maintained for more than 12 h. The key factors affecting HER activity are mesopores (20-40 nm) that facilitate the charge transfer, and the oxygen vacancies that narrow the bandgap leading to better conductivity. The oxygen vacancies that are close to Mo 5+ are regarded as active sites for HER. All experimental and theoretical data suggest the HER performance highly depends on the unique structure of mMoO 3 materials. This study described a 
Experimental Section
Catalyst Preparation: In a typical synthesis, 0.26 g commercial MoO 3 (comMoO 3 ) was dissolved in 3 mL H 2 O 2 . After stirring for 2 d, a clear yellow gel was obtained. Then 0.1 g PEO-b-PS surfactant was dissolved in 7 mL THF solvent and stirred for 30 min. After all the surfactant was dissolved in THF, this solution was dropwise added to the clear yellow gel. After stirring for 30 min, the obtained homogeneous yellow gel was poured into a Petri dish to evaporate THF under ambient conditions. After 24 h, the obtained clear film was collected and calcined at 350 °C for 3 h under air. The blue greyish mesoporous MoO 3 calcined at 350 °C was prepared and labeled as mMoO 3 .
Characterization: PXRD analyses were performed on a Rigaku Ultima IV diffractometer (Cu Kα radiation, λ = 1.5406 A) with an operating voltage of 40 kV and a current of 44 mA. Raman spectra were taken on a Renishaw 2000 Raman microscope with a wavelength of 514 nm, exposure time of 16, and accumulations of four times. Nitrogen (N 2 ) sorption experiments were conducted on a Quantachrome Autosorb-1-1C automated sorption system. The powders were degassed at 150 °C for 6 h prior to the measurements. The surface areas were calculated by the BET method, and the pore size distributions were calculated by the BJH method from the desorption isotherm. Morphological characterization was done using an FEI Nova NanoSEM 450 with an accelerating voltage of 2.0 kV. TEM, high-resolution TEM, and selected area electron diffraction were obtained in a JEOL 2010 UHR FasTEM operating at an accelerating voltage of 200 kV. The samples were prepared by dispersing the material in methanol. A drop of the dispersion was placed on a carbon coated copper grid and allowed to dry under ambient conditions. The powder samples were diluted in barium sulfate and pressed into the sample holder. XPS measurements were performed in a PHI model 590 spectrometer with multiprobes (ΦPhysical Electronics Industries Inc.), using Al Kα radiation (λ = 1486.6 eV) operated at 250 W. The shift of binding energy due to relative surface charging was corrected using the C 1s level at 284.6 eV as an internal standard. DR UV−vis spectra of the powder samples were collected with a diffuse reflectance apparatus attached on a Shimadzu UV-2450 UV-vis spectrophotometer. GPC measurements were performed using a Waters GPC-1 (1515 HPLC Pump and Waters 717Plus Autoinjector) equipped with a Varian 380-LC evaporative light scattering detector and a Waters 2487 dual absorbance detector, with three Jordi Gel fluorinated DVB columns (1-100 K, 2-10 K, and 1-500 Å). Proton nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker Avance 300 MHz spectrometer.
Electrochemical Studies: HER catalytic activity measurements were performed in a standard three-electrode system controlled by a CHI 660A electrochemistry workstation. The cell setup consisted of a working electrode (Ni foam or carbon cloth) coated with the sample, an SCE reference electrode, a graphite rod electrode, and 0.1 m KOH or H 2 SO 4 solution as the electrolyte. The reference was calibrated against and converted to an RHE. Linear sweep voltammetry was carried out at 5 mV s −1 for the polarization curves. All polarization curves were iR-corrected. The working electrode was prepared as follows: 10 mg of active material sample and 10 mg of carbon (VulcanXC-72) were dispersed in a mixture of deionized distilled water and isopropanol (4 mL:1 mL) and sonicated for 3 min, followed by adding 20 μL of polytetrafluoroethylene solution (60% in water, Sigma) and sonicating for 5 min to form a suspension. A 20 μL suspension was deposited onto Ni foam or carbon cloth using a micropipette. The catalyst loadings were 0.2 mg cm −2 .
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